Introduction
The hippocampal dentate gyrus is one of two regions in the mammalian brain, in which neural stem cells (NSCs) give rise to new neurons throughout adulthood. NSCs produce dentate granule neurons through a stereotypic sequence of proliferation and differentiation steps. Cells of different developmental stage in the adult neurogenic lineage express distinct sets of marker proteins and display striking morphological and electrophysiological differences (Zhao et al., 2008) , indicating that stage-specific genetic programs underlie the development of new hippocampal neurons.
A crucial step in adult hippocampal neurogenesis is the commitment of precursor cells to a neuronal fate. Neuronal fate commitment is accompanied by downregulation of the multipotency factor Sox2 (Ellis et al., 2004; Steiner et al., 2006) and expression of the transcription factors NeuroD1 (Steiner et al., 2006; Gao et al., 2009 ) and Prox1 (Steiner et al., 2008; Lavado et al., 2010) . These transcription factors are regulated by the Wnt-signaling pathway (Kuwabara et al., 2009; Karalay et al., 2011) whose activity is required for the generation of new hippocampal neurons during adulthood (Lie et al., 2005) . Loss of NeuroD1 (Gao et al., 2009 ) and Prox1 (Lavado et al., 2010; Karalay et al., 2011) in the hippocampal neurogenic lineage results in impaired maturation and survival of new neurons. Notably, NeuroD1-deficient (Gao et al., 2009 ) and Prox1-deficient (Lavado et al., 2010) NSCs do give rise to immature neurons, indicating that additional genetic programs contribute to neuronal fate commitment of NSCs in the adult hippocampus.
The high-mobility group box proteins Sox4, Sox11, and Sox12 constitute the SoxC family of transcription factors. SoxC factors are potent regulators of mammalian nervous system development and have been found to control survival of neural precursors and their differentiated progeny in a highly redundant manner (Hoser et al., 2008; Bhattaram et al., 2010; Potzner et al., 2010; Thein et al., 2010) . In addition, a recent genome-wide binding study demonstrated enrichment of Sox11 on neuron-specific genes in embryonic stem cell-derived neurons (Bergsland et al., 2011) , indicating that SoxC factors may be key regulators for neuronal differentiation of mammalian NSCs.
We previously found that Sox11 is almost exclusively expressed in neurogenic niches of the adult mammalian brain. Intriguingly, the initiation of Sox11 expression in the adult neurogenic lineage coincides with the loss of Sox2 and the onset of the expression of neuron-specific proteins (Haslinger et al., 2009) . Here, we investigate the hypothesis that SoxC proteins are essential regulators of neuronal fate commitment in adult hippocampal neurogenesis. We demonstrate that Sox4 and Sox11 exhibit highly overlapping expression in the hippocampal neurogenic lineage and that overexpression of either SoxC factor is sufficient to induce neuronal marker expression in adult NSCs. Conversely, loss of Sox4/Sox11 results in loss of expression of neuron-specific proteins in vitro and in vivo. Promoter studies reveal that SoxC factors directly control the activity of neuronspecific gene promoters in adult NSCs. Finally, we demonstrate that SoxC proteins do not only fulfill essential functions in neuronal differentiation in adult hippocampal neurogenesis but that they are also vital for efficient neuronal reprogramming of somatic cells.
Materials and Methods
Animals. All experiments were performed in accordance with the European Communities Council Directive (86/609/EEC). Stereotactic injections of retroviruses into the brain of adult mice were approved by the Government of Upper Bavaria. For all experiments, 8-to 12-week-old mice were used. Mice were grouped housed in standard cages under a 12 h light/dark cycle and had ad libitum access to food and water. C57BL/6 mice from Charles River were used for expression analysis of SoxC transcription factors. Loss-of-function experiments were performed on mice of mixed 129SvJ/C57Bl6J background carrying the following Sox4 and Sox11 alleles: Sox4 loxP (Penzo-Méndez et al., 2007) and Sox11 loxP (Bhattaram et al., 2010) . For loss of Sox4/Sox11 function experiments, at least six animals per group were analyzed. Male and female littermates were included in the analysis. Experimental groups were matched for age and sex.
Retrovirus preparation. The pCAG-GFP and pCAG-RFP retroviruses have been described previously Jagasia et al., 2009) . For retrovirus-mediated expression of Sox4 and Sox11, their respective cDNAs were cloned into the pCAG-IRES-GFP (Jagasia et al., 2009 ) to generate pCAG-Sox4 -IRES-GFP and pCAG-Sox11-IRES-GFP. For retrovirus-mediated expression of Neurog2, the corresponding cDNA was cloned into the pCAG-IRES-dsRed (Heinrich et al., 2010 (Heinrich et al., , 2011 to generate pCAG-Neurog2-IRES-dsRed. pCAG-GFP-IRES-Cre was generated from the pCAG-GFP vector by replacing the GFP coding sequence with cDNA for GFP and Cre recombinase as well as an internal ribosomal entry site (IRES).
Retroviruses were generated as described previously (Tashiro et al., 2006) . Virus-containing supernatant was harvested four times every 48 h after transfection and concentrated by two rounds of ultracentrifugation. Viral titers were ϳ5 ϫ 10 8 colony-forming units/ml. Stereotactic injections. Mice were deeply anesthetized with a mixture of ketamine (100 mg/kg bodyweight) and xylazine (10 mg/kg bodyweight). Mice were stereotactically injected with 1 l of the CAG-GFP or CAG-GFP-IRES-Cre retroviruses into the left and right dentate gyrus (coordinates from bregma were Ϫ1.9 mm anterior/posterior, Ϯ1.6 mm medial/lateral, Ϫ1.9 mm dorsal/ventral from dura).
Tissue processing. Mice were killed using CO 2 . They were perfused with PBS, pH 7.4, for 5 min, followed by 4% paraformaldehyde (PFA) for 5 min. Brains were removed and postfixed in 4% PFA for 12 h at 4°C and were subsequently transferred to a 30% sucrose solution. Fortymicrometer-thick coronal brain sections were cut using a sliding microtome (Leica Microsystems).
Histology and counting procedures. Sections were blocked in Trisbuffered saline (TBS) supplemented with 3% normal donkey serum and 0.25% Triton X-100 for 60 min. Brain sections were incubated in blocking solution containing the primary antibodies at the appropriate dilutions at 4°C for 48 h. Primary antibodies against the following antigens were used: Sox4 (guinea pig, 1:1000; Hoser et al., 2008) , Sox11 (goat, 1:250; Santa Cruz Biotechnology), Sox11 (guinea pig, 1:500; Hoser et al., 2008) , Sox2 (goat, 1:1000; Santa Cruz Biotechnology), Sox2 (rabbit, 1:1000; Millipore), GFAP (rabbit, 1:500; Dako), doublecortin (DCX) (goat, 1:250; Santa Cruz Biotechnology), calretinin (rabbit, 1:1000; Swant), calbindin (rabbit, 1:1000; Swant), NeuN (mouse, 1:50; Millipore), GFP (chicken, 1:1000; Aves Labs), RFP (rat, 1:50; Rottach et al., 2008) , NeuroD1 (goat, 1:200; Santa Cruz Biotechnology), Tbr2 (rabbit, 1:500; Abcam), Ki67 (rabbit, 1:1000; Novocastra Laboratories), and activated caspase 3 (rabbit, 1:150; BD Biosciences). After three washes in TBS, samples were incubated in blocking solution containing the secondary antibody coupled to Cy3, Cy5, FITC, or Alexa Fluor 488 for 2 h at room temperature. Secondary antibodies were obtained from The Jackson Laboratory and were used at a dilution of 1:250 after resuspension in 200 l of H 2 O and 200 l of glycerol. Samples were washed three times with TBS, incubated in 10 mg/ml 4Ј, 6-diamidino-2-phenylindole (DAPI) (1:10,000; Sigma-Aldrich) for 10 min, and mounted in Aqua PolyMount (Polysciences). To characterize the phenotype of the retrovirally transduced cells, equidistant sections containing the dentate gyrus were selected and stained. Transduced cells were identified based on the expression of GFP and were analyzed by confocal microscopy for immunoreactivity for the respective marker (n Ͼ 50 cells per animal and marker). Coexpression of Sox4 and Sox11 with stage-specific markers was performed in at least three sections containing the dentate gyrus from three different animals. Confocal single-plane images and Z-stacks were taken on an Olympus FluoView 1000 or a Leica SP5 confocal microscope.
NSC culture. Neural stem/progenitor cells were isolated from the hippocampal dentate gyrus according to the protocol by Ray and Gage (2006) with the exception that whole-hippocampal tissue was used instead of whole-brain tissue. Cells were cultured on poly-D-lysine (PDL; 10 g/ml; Sigma) and laminin (5 g/ml; Invitrogen) coated plates in DMEM/F-12 medium (Invitrogen) containing B27 supplement (Invitrogen), 8 mM HEPES buffer, 1ϫ penicillin/streptomycin/fungizone (Invitrogen), 20 ng/ml epidermal growth factor (EGF; PeproTech), and 20 ng/ml basic fibroblast growth factor (FGF2; PeproTech). Cultures were supplemented with growth factors every other day.
For deletion and overexpression experiments, 1.5 ϫ 10e5 cells per well were seeded on PDL/laminin-coated 24-well plates. For deletion experiments, cells were transduced with CAG-GFP or CAG-GFP-IRES-Cre retrovirus [multiplicity of infection (MOI) of ϳ1]. At 48 h after transduction, differentiation was induced by growth factor withdrawal. For overexpression experiments, cells were transduced with CAG-GFP, CAG-Sox4 -IRES-GFP, or CAG-Sox11-IRES-GFP retrovirus (MOI of ϳ1). Cultures were fixed 6 d (deletion experiments) or 2 d (overexpression experiments) after transduction with 4% PFA for 12 min. For BrdU incorporation studies, cultures were treated 2 d after transduction with 5 M BrdU for 1 h before fixation. Cells were processed for immunostaining, as described previously (Lie et al., 2005) . Primary antibodies against the following antigens were used: BrdU (rat, 1:500; AbD Serotec/Morphosys), DCX (goat, 1:250; Santa Cruz Biotechnology), GFAP (mouse, 1:1000; Sigma-Aldrich), GFP (chicken, 1:500; Aves Labs), Sox2 (goat, 1:1000; Santa Cruz Biotechnology), and receptor interacting protein (RIP; mouse; Developmental Studies Hybridoma Bank). Single-plane images were taken on a Leica DMI 6000B fluorescence microscope. The percentage of marker-positive cells among the total GFP-positive population was determined for three wells within three different biological replicates. Approximately 1500 transduced cells from five to seven randomly selected fields were evaluated for each condition in each experiment.
Caspase 3 activity assay. Caspase activity was measured using the Caspase-Glo 3/7 Assay (Promega). Briefly, cells were lysed in 1% (v/v) NP-40 and 0.1% (v/v) SDS in PBS containing phosphatase and protease inhibitors (PhosphoSTOP and Complete EDTA-free, respectively; Roche). After 20 min on ice, cell lysates were centrifuged at 14,000 ϫ g for 10 min at 4°C. Supernatants were then collected for caspase activity measurements. Ten micrograms of protein of each sample in 50 l of lysis buffer were mixed with 50 l Caspase-Glo 3/7 reagent in a 96-well plate and incubated under slow shaking for 30 min. Luciferase activity was measured using a Luminometer Centro LB 960 (Berthold Technologies). Luminescence was proportional to the amount of caspase activity present in the samples. Results are the average of three biological replicates.
Reporter assays. HEK293 cells were transfected using the CaCl 2 method with equal molar amounts (500 fmol) of the pCAG-GFP, pCAG-Sox4 -IRES-GFP, or pCAG-Sox11-IRES-GFP plasmids together with DCXpromoter Luciferase reporter constructs (120 ng) (Karl et al., 2005) and a Renilla-luciferase under the control of the human elongation factor 1 promoter (10 ng) (Lie et al., 2005) . Cell harvest and analysis were performed 48 h after transfection using the Promega dual luciferase kit and a Centro LB 960 luminometer. Luciferase assays were performed from three biological replicates.
Mutations to the human DCX promoter were introduced using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent) according to the instructions of the manufacturer instructions. The following primers were used: 5Ј-CAA TTT TCT AAA AGA AAG GGC TAG CAC AGG GCT CAT TAG AGC ATT CTG ATT-3Ј and 5Ј-AAT CAG AAT GCT CTA ATG AGC CCT GTG CTA GCC CTT TCT TTT AGA AAA TTG-3Ј. Mutagenesis PCR resulted in two point mutations (i.e., CATTGCT to CAGGGCT, which corresponds to AGCAATG and AGCCCTG, respectively, on the minus strand) to the predicted SoxC binding site located between the putative CAAT and TATA elements at position Ϫ2037 to Ϫ2031 relative to ATG.
RNA isolation and RT-qPCR. Total RNA was isolated using Trizol reagent (Invitrogen). Isolated RNA was treated with DNase (Promega) according to the protocol of the manufacturer. cDNA was synthesized using Random Hexamer primers (Fermentas), RiboLock RNase I (Fermentas), and the RevertAid Premium Reverse Transcriptase (Fermentas). Real-time qPCRs were performed on a StepOne device (Applied Biosystems). Power SYBR Green PCR Master Mix (Applied Biosystems) was used for detection. Primers for qPCR were as follows: Sox4 forward, 5Ј-GAA CGC CTT TAT GGT GTG GT-3Ј and reverse, 5Ј-GAA CGG AAT CTT GTC GCT GT-3Ј; Sox11 forward, 5Ј-CCC TGT CGC TGG TGG ATA AG-3Ј and reverse, 5Ј-GGT CGG AGA AGT TCG CCT C-3Ј; DCX forward, 5Ј-TGC TCA AGC CAG AGA GAA CA-3Ј and reverse, 5Ј-CTG CTT TCC ATC AAG GGT GT-3Ј; ␤-tubulin III forward, 5Ј-CTG GAA CCA TGG ACA GTG TTC G-3Ј and reverse, 5Ј-CGA CAT CTA GGA CTG AGT CCA C-3Ј; and GFAP forward, 5Ј-AAC GAC TAT CGC CGC CAA CTG C-3Ј and reverse, 5Ј-ATG GCG CTC TTC CTG TTC GC-3Ј. qPCR experiments were performed with cDNA from three independent biological replicates.
Chromatin immunoprecipitations. Chromatin immunoprecipitation (ChIP) experiments were performed on formaldehyde-fixed cells as described previously (Ehm et al., 2010) , using the antibodies anti-Sox11 (Santa Cruz Biotechnology) and anti-polymerase (Pol II) (Abcam). As a negative control, the extracts were incubated with preimmune normal rabbit serum (IgG). The immune complexes were collected by incubation with protein G Dynabeads (Invitrogen). DNA was purified from each reaction using the Chromatin IP DNA Purification Kit from Active Motif. For the qPCR, the Brilliant II Fast SYBR Green qPCR Master Mix (Agilent) was used according to the protocol of the manufacturer on the Applied Biosystems StepOnePlus Instrument. The amount of precipitated DNA relative to input was determined as percentage (ChIP/total input), which equals 2[(Ct(x%input) Ϫ log(x%)/log2) Ϫ Ct(ChIP)] ϫ 100, where x is the dilution of the input (1:100). All results were normalized to unspecific IgG ϭ 1. The sequences of the primers sets used for the ChIP reactions on the mouse DCX promoter were the following: amplicon A, forward 5Ј-CAG CCT TCA TGA TTC CTG CAA C-3Ј and reverse, 5Ј-CTT CTG CCT AGT GGC TGG ACT-3Ј; amplicon B forward, 5Ј-GGT TTT AGC CAA GTA AAA TTG CC-3Ј and reverse, 5Ј-CCT GTA ACT GAA GCT TAG CGA AC-3Ј; amplicon C forward, 5Ј-GTT CGC TAA GCT TCA GTT ACA GG-3Ј and reverse, 5Ј-AAG AAA GCC GTG TGC CTT GTG C-3Ј; and amplicon D forward, 5Ј-GCA CAC GGC TTT CTT TCT CT-3Ј and reverse, 5Ј-GTA AGA GCC CAC CTC CTC AA-3Ј.
Primary cultures from postnatal cortical astroglia. For culturing postnatal astroglia, we followed the procedure described previously by Heinrich et al. (2010 Heinrich et al. ( , 2011 . After removal of the meninges, gray matter tissue from postnatal day 5 (P5) to P7 cerebral cortex of C57BL/6J or Sox4/ 11dcKO homozygote or heterozygote mice was dissected and dissociated mechanically. Cells were centrifuged for 5 min at 1000 rpm, resuspended, and plated in a medium consisting of DMEM/F-12 (Invitrogen), 3.5 mM glucose (Sigma), 10% fetal calf serum (Invitrogen), penicillin/ streptomycin (Invitrogen), and supplemented with B27 (Invitrogen), 10 ng/ml EGF (Roche), and 10 ng/ml FGF2 (Roche). Cells were passaged after 1 week using trypsin/EDTA (Invitrogen) and plated on PDL (SigmaAldrich) glass coated coverslips at a density of 50,000 cells per coverslip (in 24-well plates; BD Biosciences) in the same medium.
Astroglia reprogramming assays. Two to four hours after plating into PDL-coated coverslips, astroglia cells were infected using vesicular stomatitis virus glycoprotein-pseudotyped retroviruses encoding various genes. Twenty-four hours after transduction, the medium of astroglia was replaced by N3 differentiation medium, consisting of DMEM/F-12, 25 g/ml insulin, 50 g/ml transferrin, 30 nM sodium selenite, 20 nM progesterone (Sigma), 100 nM putrescine (Sigma), and penicillin/streptomycin. The cells were allowed for differentiation 7 d and then fixed in 4% PFA in PBS for 15 min for subsequent analysis. Cells were first incubated in blocking solution (0.5% Triton X-100 and 3% BSA in PBS) for 30 min. Primary antibodies were incubated on specimens for 2 h at room temperature in blocking solution. The following primary antibodies were used: GFP (chicken, 1:300; Aves Labs), RFP (rat, 1:300; Chromotek), ␤-tubulin III (mouse, 1:500; Sigma), and DCX (goat, 1:250; Santa Cruz Biotechnology). After washing in PBS, cells were incubated with appropriate species-or subclass-specific secondary antibodies conjugated to Cy2, Cy3, Cy5 (1:1000; Jackson ImmunoResearch), Alexa Fluor-488 (1: 1000; Invitrogen), and TRITC (1:1000; Jackson ImmunoResearch) for 2 h at room temperature, followed by extensive washing in PBS. Coverslips were finally mounted onto a glass slide with an antifading mounting medium (Aqua Poly/Mount; Polysciences). Stainings were analyzed with laser-scanning confocal microscope (LSM710; Carl Zeiss). Digital images were captured using ZEN software (Carl Zeiss). Cell counts were performed by taking pictures of several randomly selected views per coverslip analyzed by means of a Carl Zeiss LSM 710 confocal microscope using a 25ϫ objective. Subsequently, pictures were analyzed for cell quantification using NIH Image J 1.42q software. Three to seven independent experiments per each assay were performed.
Statistical analysis. Unpaired Student's t test was used for analysis. Differences were considered statistically significant at *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001. All data are presented as mean Ϯ SEM.
Results

Overlapping expression of Sox4 and Sox11 in the adult hippocampal neurogenic lineage
Our previous analysis demonstrated that Sox11 protein is almost exclusively expressed in immature neurons in the adult neurogenic areas (Haslinger et al., 2009 ). In the developing CNS, the Sox11 homolog Sox4 is frequently coexpressed and exerts functions redundant to Sox11. Immunostaining using a Sox4-specific antiserum (Potzner et al., 2007) revealed that Sox4 expression is primarily confined to areas of adult neurogenesis, i.e., the hippocampal dentate gyrus (Fig. 1 A) , the subventricular zone of the lateral ventricles (Fig. 1 B) , the rostral migratory stream, and the olfactory bulb (Fig. 1C) . In the following, we focused on the function of Sox4 and Sox11 transcription factors in the regulation of adult hippocampal neurogenesis.
First, we established the precise expression pattern of Sox4/ Sox11 in the adult hippocampal neurogenic lineage. Sox4 expression showed almost complete overlap with the expression of Sox11 in the adult hippocampal neurogenic niche (Ͼ98% of Sox4 ϩ cells coexpressed Sox11 ϩ and vice versa) (Fig. 2 A) . Detailed analysis using stage-specific markers for adult hippocampal neurogenesis showed that Sox4 and Sox11 were only occasionally coexpressed with the SoxB1 transcription factor Sox2 (8 Ϯ 4%) (Fig. 2 B) , which controls stem cell maintenance and proliferation (Pevny and Placzek, 2005; Favaro et al., 2009; Ehm et al., 2010) and is expressed by Type 1 and Type 2a/b stem/progenitor cells in the adult hippocampus (Steiner et al., 2006; Suh et al., 2007) . A significant fraction of the Sox4-and Sox11-positive cells were positive for the transcription factor Tbr2 (19 Ϯ 2%) (Fig. 2C) , which is expressed by Type 2a/b and Type 3 intermediate progenitor cells (Hodge et al., 2008) . Consistent with their expression in proliferating progenitor cells, a subset of Sox4-and Sox11-positive cells colabeled for the proliferation marker Ki67 (8 Ϯ 6%) (Fig. 2 E-G) . Costaining with DCX and Ki67 further demonstrated that Sox4 and Sox11 are expressed neuronally committed precursor cells (Fig. 2 F, G) . Similar to Sox11 (Haslinger et al., 2009) , we found Sox4 to be strongly coexpressed with the immature neuronal marker DCX (99 Ϯ 1%), and we only occasionally observed DCX-positive immature neurons that were negative for Sox4 or Sox11 (Ͻ1%) (Haslinger et al., 2009) . Moreover, SoxC proteins were strongly coexpressed with the transcription factors NeuroD1 (94 Ϯ 1%) and Prox1 (91 Ϯ 4%) (Fig. 2 H) , whereas almost no overlap was observed for Sox4 (3 Ϯ 2%) and Sox11 (Haslinger et al., 2009 ) with the mature dentate granule cell marker Calbindin (Fig. 2 D) . Together, these data indicate that expression of the SoxC proteins Sox4 and Sox11 is likely to be initiated around the time of neuronal fate commitment of hippocampal neural progenitors, i.e., in late Type 2a and Type 2b cells, is maintained in immature neurons and is finally downregulated during maturation (Fig. 2 I) .
SoxC transcription factors are essential for in vitro neurogenesis from adult neural precursor cells
The timing of the initiation of Sox4 and Sox11 protein expression raised the possibility that SoxC transcription factors participate in the control of neuronal fate determination in adult hippocampal neurogenesis. To test this hypothesis, we first examined the consequences of Sox4/Sox11 ablation on differentiation in vitro. NSCs were isolated from the hippocampus of adult Sox4 flox/flox ; Sox11 flox/flox double conditional knock-out mice (Sox4/Sox11dcKO). Recombination of the floxed loci was induced by transduction with a retrovirus bicistronically encoding for Cre recombinase and GFP (CAG-GFP-IRES-Cre); a GFP-expressing retrovirus served as control. Transduced cultures were differentiated by growth factor withdrawal and were analyzed 6 d later. Transduction efficiency reached ϳ70 -80% for both retroviruses. Sox4 and Sox11 mRNAs were strongly reduced in CAG-GFP-IRES-Cre transduced cultures (Fig. 3B) , indicating that Sox4 and Sox11 loci were efficiently recombined by the retrovirally expressed Cre recombinase. Sox4/Sox11 ablation consistently resulted in decreased cell densities, raising the possibility that these proteins are involved in the regulation of survival and proliferation (Fig. 3A) . No difference in cell death as determined by measurement of caspase 3 activity was found (Fig. 3D) . The fraction of BrdU-labeled cells after a 1 h BrdU pulse before analysis, however, was significantly reduced among Sox4/Sox11-deficient cells (11.9 Ϯ 1.8% in control; 6.0 Ϯ 1.0%; Fig. 3C ), suggesting that Sox4/Sox11 ablation resulted in decreased proliferation of differentiating adult NSCs. Compared with controls, Sox4/Sox11-deficient cells only rarely displayed a neuronal morphology but instead had large nuclei and cell bodies with thick processes (Fig. 3A) , raising the possibility that neurogenesis from Sox4/Sox11-deficient NSCs was impaired. Indeed, expression of the neuron-specific genes DCX and ␤-tubulin III was strongly decreased in Cre-transduced cultures (Fig. 3B) . Moreover, Sox4/ Sox11-deficient cells showed an ϳ90% decrease in the generation of DCX-positive neurons (9.4 Ϯ 0.9% among control transduced cells; 0.8 Ϯ 0.3% among Cre transduced cells; Fig. 3A ) and showed a trend toward higher numbers of Sox2-immunoreactive cells (14.1 Ϯ 5.5% among control transduced cells; 26.8 Ϯ 7.5% among Cre transduced cells). Importantly, Sox4/Sox11-deficient NSCs produced GFAP-positive astrocytes at a frequency comparable with control ( Fig. 3 A, B) , indicating that Sox4/Sox11 are essential for neurogenesis but not for astrogliogenesis from adult NSCs.
To further test the function of SoxC proteins in neurogenesis, we performed gain-of-function experiments in adult hippocampus-derived NSC cultures. NSCs were transduced with retroviruses bicistronically encoding for GFP and either Sox11 (CAG-Sox11-IRES-GFP) or Sox4 (CAG-Sox4 -IRES-GFP). NSCs transduced with retroviruses encoding for GFP (CAG-GFP) served as controls. Transduction efficiencies reached ϳ70% for the Sox11 retrovirus and 50 -55% for the Sox4 retrovirus. After transduction, the cells were kept for an additional 2 d in proliferating culture conditions, i.e., in the presence of EGF and FGF2. RT-qPCR verified overexpression of the transgene (data not shown). Strikingly, Sox4 and Sox11 overexpression enhanced expression of mRNAs for the immature neuronal structural protein DCX and ␤-tubulin III (Fig. 4C ) and the generation of DCX-expressing cells with immature neuronal morphology among the transduced cells (2.3 Ϯ 0.2% in control; 9.8 Ϯ 2.3% among Sox4 transduced cells; 16.1 Ϯ 1.7% among Sox11 trans- Figure 2 . SoxC transcription factor expression in the adult hippocampal neurogenic lineage. A, Sox4 (red) and Sox11 (green) are coexpressed in the dentate gyrus. Sox4/Sox11 double-positive cells appear in yellow. Multiple cells are also positive for calretinin (blue), which is transiently expressed by postmitotic immature dentate granule neurons (Brandt et al., 2003) . Single channels for Sox4 and Sox11 are presented in (AЈ, AЉ) . B, Sox4 (red) is rarely expressed in Sox2 (green) expressing precursor cells (arrowheads). GFAP in blue. C, A fraction of Tbr2-positive precursor cells (green) expresses Sox4 (red). GFAP in blue. D, Mature calbindin-positive (CB, green) dentate granule cells are primarily negative for Sox11 (red). NeuN in blue. E, Sox4 (red) and DCX (green) show almost completely overlapping expression patterns. F, Sox4 (red) is expressed in DCX (green) and Ki67 (blue) positive proliferating precursors (arrowheads). G, Sox11 (red) is expressed in DCX (green) and Ki67 (blue) positive proliferating precursors (arrowheads). H, HЈ, Sox11 (red) is coexpressed with NeuroD1 (green) and Prox1 (blue). Triple-labeled cells in H appear in white and double-labeled cells in HЈ in yellow. I, Schematic drawing showing a model of adult hippocampal neurogenesis and Sox4/Sox11 expression in relation to expression of other markers along the cell lineage of the dentate gyrus. Scale bars: A-E, H, 40 m; F, G, 20 m. duced cells; Fig. 4 A) despite the proliferation-promoting culture conditions. No significant changes were observed with regard to caspase 3 activity (Fig. 4 E) , indicating that SoxC proteins did not enhance neuronal survival. Neither Sox4 nor Sox11 overexpression altered BrdU incorporation among transduced cells (Fig. 4D) , arguing against the possibility that SoxC proteins increase neurogenesis through promoting proliferation of DCX-positive neuroblasts. Importantly, overexpression of Sox4 and Sox11 did not induce the generation of astrocytes, which were identified by the astroglia-specific protein GFAP (Fig. 4B) , and we almost never observed RIP-positive oligodendroglial cells (Ͻ0.1% in all conditions). These observations strongly suggest that SoxC proteins specifically promote neurogenesis, which-although not formally tested-may occur at the expense of NSCs.
Together, the results of the in vitro gain-and loss-of-function experiments indicate an essential role for Sox4 and Sox11 in the control of neuronal differentiation of adult NSCs. The fact that SoxC proteins induce the generation of DCXexpressing neurons even under culture conditions that favor the expansion of stem cells further illustrates the potency of these transcription factors to activate a neuronal differentiation program.
In vivo conditional ablation of Sox4/Sox11 inhibits neurogenesis Next, we ablated Sox4 and Sox11 in the adult hippocampal neurogenic lineage to determine their role in the in vivo context. Genetic ablation of Sox4 and Sox11 in individual proliferating precursors was achieved by stereotactic injection of the MMLV retrovirus CAG-GFP-IRES-Cre (Tashiro et al., 2006; Jagasia et al., 2009 ) into the dentate gyrus of adult Sox4/Sox11dcKO mice. Sox4/Sox11dcKO mice injected with GFP-encoding retrovirus served as controls. Animals were analyzed 5 d after retroviral injection. The majority of control retrovirus transduced cells expressed Sox4 and Sox11 (Ͼ80%). In contrast, CAG-GFP-IRES-Cre transduced cells did not express Sox4 and Sox11, demonstrating efficient recombination of the floxed Sox4 and Sox11 alleles (Fig. 5AЈ,BЈ) . No differences in the number of transduced cells were observed between the experimental groups. SoxC-ablated cells appeared healthy and did not display signs of apoptotic cell death, such as membrane blebbing or pyknotic nuclei. In addition, SoxC ablation did not alter the fraction of activated caspase 3-positive cells (Ͻ1% of transduced cells among control and SoxC-ablated cells) (Fig. 5F ). Collectively, these observations indicate that SoxC deficiency did not affect survival at this time point.
Consistent with previous studies, control cells displayed a polarized morphology, bore neurites that paralleled the granule cell layer, and in some cases had already formed a primary dendrite that extended toward the molecular layer (Zhao et al., 2006) . Moreover, expression of the early neuronal marker DCX (71.0 Ϯ 16.2% among transduced cells) and the dentate granule neuronspecific transcription factors NeuroD1 (88.7 Ϯ 10.0%) and Prox1 (33.9 Ϯ 16.7%) indicated that the majority of transduced cells had differentiated into neurons and had adopted a dentate granule neuron identity (Fig. 5A-C) . In contrast, most Sox4-and Sox11-negative cells failed to develop a neuron-like polarized morphology and frequently displayed multiple short processes or a star-like morphology (Fig. 5AЈ-DЈ,E-G) . In addition, Sox4/ Sox11-ablated newborn cells showed strongly impaired expression of neuron-specific markers. Virtually all Sox4/Sox11-ablated newborn cells were DCX negative (0.7 Ϯ 1.1%) (Fig.  5AЈ,H ) and showed reduced expression of NeuroD1 (17.8 Ϯ 8.9%) (Fig. 5BЈ,H ) and Prox1 (18.7 Ϯ 10.2%) (Fig. 5CЈ,H ) . These findings indicate that Sox4/11-deficient cells failed to initiate or maintain a full neuronal differentiation program.
Sox4/Sox11-deficient cells were also analyzed for the expression of the stem/early progenitor markers Sox2 and Tbr2, the proliferation marker Ki67, and the astroglial marker GFAP. Strikingly, many Sox4/Sox11-deficient cells expressed Sox2 (62.0 Ϯ 8.7 vs 30.0 Ϯ 8.2% in controls) (Fig. 5CЈ, E, EЈ,H ) . However, no differences were detected in the expression of Tbr2 (10.3 Ϯ 4.2 vs 14.3 Ϯ 10.4% among control and SoxC-ablated cells, respectively) (Fig. 5 D, DЈ,H ) and the fraction of Ki67-positive cells among the retrovirally transduced cells (4.6 Ϯ 2.3 vs 6.8 Ϯ 4.9%) (Fig. 5G,H ) , ruling out the possibility that Sox4/Sox11-deficient ϩ /GFAP ϩ Type 1 cell identity (Fig. 5 E, H ) . Thus, most Sox4/Sox11-deficient cells adopt a nonproliferative, GFAP Ϫ , Sox2 ϩ identity. Whether these cells are postmitotic or retain the potential to proliferate and to differentiate, e.g., to glia, remains to be determined. Together, these data demonstrate that Sox4/Sox11 are required for neuronal differentiation of precursors in the adult hippocampal neurogenic lineage.
SoxC proteins directly control expression of neuron-specific proteins in adult NSCs
Results from our loss-and gain-of-function experiments strongly indicate that Sox4 and Sox11 are essential regulators of neuronal differentiation in adult hippocampal neurogenesis and predict that these factors are directly involved in the transcriptional control of neuron-specific genes in differentiating NSCs. The microtubule-associated protein DCX is specifically expressed in newly generated immature neurons of the adult brain and is considered one of the earliest markers for neuronal lineage commitment in the adult neurogenic niches. Our current data also demonstrate that Sox4 and Sox11 expression is highly overlapping with the expression of DCX (Fig. 2 E; Haslinger et al., 2009 ). We therefore focused on the regulation of the DCX gene promoter to investigate potential direct effects of Sox4/Sox11 on neuronal lineage-specific gene expression. Previous analysis of the human DCX gene identified a 3.5 kb genomic region upstream of the DCX start codon (Karl et al., 2005) that faithfully reproduces activity of the endogenous DCX gene and targets transgene expression specifically to neuronal precursors and immature neurons in adult transgenic mice (Couillard-Despres et al., 2006 Zhang et al., 2010) . Hence, this genomic fragment (hereafter named DCX promoter) contains key regulatory sequences for control of the DCX gene in the adult CNS. In silico analysis predicted several putative Sox binding sites (Harley et al., 1994) in this region. Indeed, reporter assays using a DCXpromoter-controlled luciferase reporter (Karl et al., 2005) revealed potent activation of the DCX promoter by Sox4 and Sox11 (Fig. 6A) . In contrast, the stem-cell-associated transcription factor Sox2 did not induce DCX promoter activity (Fig. 6 A) , indi- cating that, despite the fact that all Sox proteins bind to a common consensus motif in DNA (Harley et al., 1994) , DCX promoter activation is a specific property of Sox4 and Sox11. To identify potential Sox11-responsive areas, we used a series of deletion constructs used previously to define relevant regions for DCX promoter activity (Karl et al., 2005) . As shown in Figure 6 B, removal of the region between Ϫ2081 and Ϫ700 relative to the ATG start codon (mutant I) reduced dramatically the induction of the DCX promoter by Sox11. In contrast, mutants II (Ϫ1793/ Ϫ1388) and III (Ϫ1386/Ϫ784) retained most of the response to Sox11, suggesting that the region that is around or upstream of the major transcription start sites (TSS) might be responsible for the transactivation of the DCX promoter by Sox11. Consistently, mutant IV, which lacks more distal (Ϫ3509/Ϫ2344) as well as proximal (Ϫ1459/Ϫ431) sequences, also exhibited a significant response to Sox11. We therefore considered the DCX promoter area between Ϫ2344 and Ϫ1388 as highly important for the transactivation by Sox11. A comparative analysis of the human and mouse sequences corresponding to this region revealed several potential Sox binding sites, the relative position and sequence of which are conserved between the two species (Fig. 6 D) . To test whether Sox11 directly transactivates DCX in vivo, we performed ChIP analysis and monitored four contiguous genomic regions on the mouse DCX promoter (amplicons A-D), scanning the Sox11-responsive region identified above. Because the avail- Transduced cells were identified by expression of GFP (green). SoxC expression (blue in A, B) was detected using Sox4 and Sox11 antibodies generated in the same species. SoxC expression is not detected in Cre recombinase transduced cells. A, Control cells were frequently positive for DCX (red). Moreover, some control cells had developed a primary dendrite that extended toward the molecular cell layer. AЈ, Sox4/Sox11-ablated cells did not express DCX. In contrast to control cells, most Sox4/Sox11-ablated cells did not express NeuroD1 (red, B, BЈ) or Prox1 (red, C, CЈ). Control cells (D) and Sox4/Sox11-ablated cells (DЈ) expressed Tbr2 (red) at comparable frequencies. In both cases, Tbr2 ϩ cells were mainly found in clusters. Sox2 in blue. Sox4/Sox11-ablated cells frequently expressed Sox2 (blue, CЈ, E, EЈ) but were negative for GFAP (E). Arrowheads in E and EЈ point to Sox2-expressing Cre-transduced cells. Scale bar, 30 m. able antibodies did not precipitate endogenous Sox11 with high efficiency, we performed ChIP analysis from adult hippocampal NSCs overexpressing the Sox11 protein (see above). Cells overexpressing the EGFP protein were used as control. As shown in Figure 6C , the Sox11 antibody specifically precipitated DCXpromoter-containing chromatin fragments (amplicon B) only from Sox11-overexpressing cells. Interestingly, whereas the RNA Pol II antibody precipitated all four genomic fragments of the DCX promoter under basal conditions (i.e., in the EGFPoverexpressing control cells), in the presence of Sox11, the efficiency of precipitation of amplicons B and C was considerably higher (Fig. 6C) . This observation indicates that Sox11 is capable of enhancing the recruitment of Pol II to the proximal regions of the DCX promoter in which the TSS and the putative CAAT and TATA elements are located, thereby increasing the rate of synthesis of DCX mRNA. Finally, to begin to more precisely map the interaction of Sox11 with the proximal DCX promoter region, we introduced two point mutations to the predicted SoxC binding site (Ϫ2037/Ϫ2031; CATTGCT to CAGGGCT, which corresponds to AGCAATG and AGCCCTG, respectively, on the minus strand) located between the putative CAAT and TATA elements (Fig. 6 D) in the DCX reporter. This mutation resulted in a modest but significant reduction (Ϫ31 Ϯ 5.7%, p Ͻ 0.05) in DCX reporter activity in response to Sox11, suggesting that this predicted SoxC binding site may indeed contribute to the SoxCdependent regulation of the DCX promoter. Additional analyses, including electromobility shift assays and systematic mutation of all putative SoxC binding sites, however, are required to precisely map and identify the regulatory elements through which SoxC proteins control DCX expression.
Collectively, these data identify DCX as a direct target of SoxC transcription factors in adult NSCs and suggest a functional role of SoxC proteins in the control of a neuron-specific gene expression program.
SoxC proteins are essential for reprogramming of astroglia into neurons
Misexpression of lineage-specific factors represents a potent approach to induce cell-fate changes of somatic cells (Takahashi and Yamanaka, 2006; Vierbuchen et al., 2010) . Expression of the pro-neural transcription factor Neurogenin 2 (Ngn2), for example, is sufficient to induce the conversion of astrocytes into glutamatergic neurons (Berninger et al., 2007; Heinrich et al., 2010 Heinrich et al., , 2011 . Reprogramming of somatic cells into neurons not only opens new avenues for cell-based regenerative medicine but also represents a stringent experimental system to study the contribution of transcription factors to neuronal fate determination and subtype specification (Heinrich et al., 2011) . We exploited the Ngn2-induced neuronal conversion of astrocytes to further determine the role of Sox4/Sox11 in neuronal differentiation. Astrocytes were isolated from cortices of P5-P7 mice. Cultured astrocytes were single transduced with retroviruses encoding for Ngn2 and dsRED (CAG-Ngn2-IRES-dsRED), for dsRED only (CAG-IRES-dsRED), the CAG-Sox4 -IRES-GFP retrovirus, and the CAG-Sox11-IRES-GFP retrovirus in different combinations. Consistent with previous reports (Berninger et al., 2007; Heinrich et al., 2010) , we found that CAG-Ngn2-IRES-dsRED reprogrammed transduced astrocytes into DCX and ␤-tubulin III-positive neurons with an efficiency of 50 and 70%, respectively (Fig. 7E) . In contrast, Sox4 and Sox11 alone or in combination were insufficient to induce neuronal reprogramming (Fig.  7 and data not shown), which is in line with our recent observation that Sox4 and Sox11 are not sufficient to induce neuronal differentiation of proliferating precursor cells in a non-neurogenic region of the adult brain (data not shown). However, in combination with Ngn2, both SoxC transcription factors potently enhanced Ngn2-induced reprogramming of astrocytes into neurons with virtually all double-transduced cells displaying a complex neuronal morphology and expression of the neuronspecific markers ␤-tubulin III and DCX (Fig. 7) . Next, we investigated whether SoxC transcription factors are necessary for neuronal reprogramming of astrocytes. To this end, we isolated astrocytes from cortices of P5-P7 Sox4/Sox11dcKO mice and mice heterozygous for the conditional Sox4 and Sox11 alleles. Astrocyte cultures were transduced with the CAG-GFP-IRESCre in combination with CAG-Ngn2-IRES-dsRED or CAG-IRES-dsRED. Cre-transduced Sox4 loxP/ϩ ; Sox11 loxP/ϩ astrocytes were reprogrammed into ␤-tubulin III-positive neurons by Ngn2 at a rate comparable with wild-type cells (68.2 Ϯ 1.4%) (Fig.  8 A, C) . Strikingly, Ngn2-induced neuronal reprogramming was impaired in Cre-transduced Sox4 loxP/loxP ; Sox11 loxP/loxP astrocytes. In these cultures, cells not only showed strongly reduced expression of ␤-tubulin III (18.7 Ϯ 1.6%) but also failed to develop a neuron-like morphology (Fig. 8 B, C) . Together, these findings demonstrate an essential role for Sox4 and Sox11 in neuronal reprogramming of astrocytes, thereby providing strong support for the notion of Sox4 and Sox11 as key contributors to the transcriptional network underlying neuronal differentiation.
Discussion
The present data identify the SoxC group transcription factors Sox4 and Sox11 as essential regulators of adult hippocampal neurogenesis and as crucial contributors to neuronal reprogramming of somatic cells. This conclusion is supported by the following observations. First, Sox4 and Sox11 protein expression is initiated in the adult hippocampal neurogenic lineage upon neuronal fate commitment. Second, Sox4 and Sox11 potently induce neurogenesis from adult hippocampal NSCs and promote neuronal reprogramming of astrocytes in combination with the pro-neural transcription factor Ngn2. Third, SoxC group proteins directly target and activate the promoter of the neuronal lineage-specific gene DCX. Fourth, loss of Sox4 and Sox11 abolishes expression of neuron-specific structural proteins in adult hippocampal neurogenesis and strongly impairs neuronal reprogramming of astrocytes.
The simultaneous expression of the transcription factors NeuroD1 and Prox1 is specific for neuronal precursors and immature neurons of the dentate gyrus. NeuroD1 and Prox1 transcription factors regulate dentate granule cell survival and maturation, respectively (Gao et al., 2009; Lavado et al., 2010; Karalay et al., 2011) , and may cooperatively establish dentate granule subtypespecific traits. Sox4/Sox11 expression is initiated in parallel to NeuroD1 and Prox1 expression around the time of transition from a Sox2 not examined in the present study. Sox12 is a weak transactivator compared with Sox4 and Sox11 and seems to be dispensable for mouse embryonic development (Hoser et al., 2008) . In situ hybridization data available from the Allen Brain Atlas project (http://www.brain-map.org/) indicates that Sox12 is coexpressed with Sox4 and Sox11 in the adult hippocampus. Lack of suitable antibodies precluded detailed analysis of Sox12 protein expression in the adult hippocampal neurogenic lineage. The finding that Sox4/Sox11 deletion was sufficient to abolish neuronal differentiation, however, demonstrates that Sox12 does not compensate for loss of Sox4/Sox11 function in adult hippocampal neurogenesis, which is consistent with the observation that Sox12 is unable to compensate the effects of Sox4 and Sox11 deletion during embryonic development (Hoser et al., 2008; Bhattaram et al., 2010) .
How SoxC expression in the adult neurogenic lineage is controlled remains to be determined. In the developing chicken spinal cord, SoxC operate downstream of neurogenins (Bergsland et al., 2006) . Indeed, our preliminary studies revealed induction of SoxC mRNA expression on Ngn2-mediated reprogramming of astrocytes (G.M. and B.B., unpublished observations). Moreover, Ngn2 expression is found in Type 2a precursor cells of the early postnatal and adult dentate gyrus (Ozen et al., 2007; Roybon et al., 2009b) and thus precedes the induction of SoxC protein expression. Hence, Ngn2 represents a promising candidate to control SoxC expression in the adult hippocampal neurogenic lineage. It is, however, important to note that SoxC transcription factors are expressed also in newborn neurons in adult subventricular zone/olfactory bulb neurogenesis (Haslinger et al., 2009) . Here, only a minor fraction of these neurons are generated from Ngn2-expressing precursors (Brill et al., 2009; Roybon et al., 2009a) . Thus, transcriptional activation of SoxC genes in neurogenesis may differ between the adult neurogenic regions and may be controlled by additional factors such as Mash1, which is expressed by early precursors in both neurogenic lineages and influences SoxC gene expression in the developing brain (Castro et al., 2011) . Finally, the observation that SoxC mRNA expression is already observed in SoxC-protein-negative adult NSCs (Beckervordersandforth et al., 2010) indicates that posttranscriptional mechanisms play a significant role in the expression of SoxC proteins and SoxCdependent neuronal differentiation.
It has been shown that Sox proteins require cooperation with other transcription factors for efficient transactivation of target genes (Kondoh and Kamachi, 2010) . It is therefore likely that SoxC factors act in concert with currently unknown factors to control neuron-specific gene expression programs. In silico analysis of highly conserved noncoding DNA regions revealed that regulatory regions of developmentally expressed CNS genes are enriched for Sox, POU, and homeodomain transcription factor binding sites (Bailey et al., 2006) . It has also been reported that Brn proteins, which belong to the POU family of transcription factors and which are predominantly expressed in the neuronal lineage, enhance the activation of SoxC target genes (Kuhlbrodt et al., 1998; Wiebe et al., 2003; Tanaka et al., 2004) . Intriguingly, the DCX regulatory region contains several conserved putative binding sites for Brn transcription factors (Karl et al., 2005) that are located in close proximity to the Sox11 binding sites identified in this study. It will be interesting to determine the interaction of Brn proteins with SoxC factors and its functional contribution in the control of neuronal differentiation in adult neurogenesis. In addition to the identification of SoxC interacting partners, it will also be interesting to decipher the downstream targets of the SoxC transcription factor network in differentiating adult NSCs. 
